The concentration at which deuterium implanted into the materials B, C, Si, TiC, TiB2, B4C, and VB2 saturates has been measured using nuclear microanalysis. The local mixing model for H saturation and isotopic replacement agree well with these data and yield H saturation concentrations close to .5 H/host atom ratio for the elemental samples and lower concentrations for the compounds. The local mixing model has also been used to model tritium buildup and isotope exchange in proposed first-wall materials for magnetic confinement fusion reactors. Two satatistical mnodels are introduced to discuss the buildup to saturation.
Introduction
The accumulation of ion-implanted hydrogen (H, D, T) in the near surface region of solids has recently received much study. This interest has been generated largely by the ramifications of this accumulation in components such as limiters or other first-wall surfaces of magnetic confinement fusion reactors (e.g., tokamaks and mirrors). In particular, the near surface build up of H-isotopes strongly affects the recycling process (1) and may lead to unacceptable levels of T.
H saturation is also of interest from a basic physics viewpoint. Unfortunately the ion-implantation process complicates the normal solid state considerations such as diffusion, crystallinity, solubility, etc., through effects such as damage production, trapping, nonequilibrium thermodynamics, swelling, and blistering. Although in a few cases H saturation has been correlated to swelling and blistering of the surface (2) , current explanations (3-6) of this behavior are primarily phenomenological.
In the present work data for the near surface H accumulation are presented for several low atomic number materials and are compared to predictions of the Local Mixing Model (LMM) of H saturation and isotope exchange. The L.MM has also been used to predict tritium buildup and recovery characteristics when these materials are exposed to fusion plasma conditions (i.e., incident ions with Maxwellian velocity distributions). In the final sections of the paper the buildup to saturation is examined, and two statistical descriptions are presented.
Experimental
The samples studied in this investigation were the elements B, C, and Si, and compounds TiC, B4C, TiB2, and VB2. All The hydrogen retention and replacement properties of these materials were studied by implanting H or D at an energy of 1.5 keV/ion using a Colutron ion accelerator. At these energies little or no blistering is anticipated (7). All implants were carried out at ambient temperatures and the fluence uniformity was measured to be + 10%. Because of the low power deposited in the targets during both implant and analysis, the target temperature should not have exceeded 50°C. In all of the materials examined, and in particular the C in Fig. 1 , it was found that, at low fluences, (< 5x1016 cm-2) all the incident H (or D) was retained in the sample, apart from the small fraction (typically 5-10%) kinematically reflected. As The local mixing model is a phenomenological model used to describe H saturation and isotope exchange behavior which treats the exchange differentially in depth. A detailed explanation of this model is given in references (10) and (11) . This model assumes that for every H or D (or T) atom which comes to rest in a region on the material that is saturated one H atom is lost so that the local (H+D)/host atom ratio never exceeds the saturation concentration. The probability that the displaced atom is H or D is given by the ratio of the local H or D concentrations to the saturation concentration, respectively. Incident H or D atoms stopping in regions where the concentration is below saturation are retained. The model uses theoretically (12) calculated D and H deposition Drofiles, and the saturation concentrations for the various materials are determined from retention measurements. The saturation D concentrations nsat which provide the best fits to the data are listed in Table 1 . These concentrations can also be directly measured using high resolution profiling techniques. No additional free parameters are required to describe the saturation-exchange with this model. To verify the predictions of the LMM as a function of incident particle energy, isotope exchange measurements were made in graphite using different incident energies for H and D to change the overlap between the depth profiles of the two isotopes to alter the exchange behavior. When the H and D are both implanted at 1.5 keV (Fig. 2a) , the H and D profiles overlap very closely. The model shows that, for this case, D on the deep side of the profile is difficult to replace because fewer H atoms stop at this depth than at the peak.
Decreasing the H energy to 1 keV (Fig. 2b) shifts the H profile toward the surface such that more of the D on the deep side of the profile remains in the sample. Decreasing the initially implanted D energy to 1 keV (Fig. 2c) shifts the D profile toward the surface such that deeper D is more easily replaced by H. The good agreement between the data (dots) and the model (lines) indicates that the LMM contains the correct dependence on the incident particle energy. Underwood, et. al (13) have also observed a decrease in the D replacement rate for non-overlapping profiles by measuring the release of D2 and HD gas from D saturated carbon during H implantation.
Another prediction of the LMM is that the onset of isotope exchange occurs when saturation is reached. This prediction has been tested by first implanting graphite with a low fluence of D and then continuing the implantation with H to a high fluence. The result of this experiment is shown in Fig. 3 . Indeed, the retained D does not decrease until saturation is attained. A similar effect has been observed recently by Schultz, et. al (14) for the replacement of D by 3He in Mo at low temperature. The excellent agreement between the LMM and the data shown in Figs. 1-3 supports the validity of the basic assumption of the model that the essential physics of the saturation and exchange process occurs at the end of the H trajectory.
Fusion Plasma Conditions
The hydrogen ions incident on materials in a fusion reactor are generally not monoenergetic but have a distribution of energies. To model this situation, the retention and exchange of tritium by deuterium with a Maxwellian velocity distribution in TiC has been calculated using the LMM. Results of these calculations are summarized in Fig. 4 . The initial tritium plasma for these calculations had kT = 200 eV. The plasma is changed from T to D of the same energy when the T fluence to the walls reach levels of 1018, 1019, and 1020/cm2. These change-overs are labeled A, B, and C, respectively in the figure. The high energy tail of the Maxwellian distribution leads to a sustained gradual build up of retained T at greater depths, and recovery of this deep component by isotopic exchange will re- Other calculations presented in Fig. 5 show that, for the conditions given in Fig. 4 
Approach to Saturation
Two macroscopic models which have been used to describe the build up to saturation of retained D or H are 1) an exponential approach of the local concentration to a maximum level nsat or 2) a truncation (4) of the depth profile for concentrations greater than nsat. In the exponential approach, the probability that a D atom is not retained in the material is assumed to be equal to the fraction of D already present at that depth relative to the saturation concentration ne(x) = nsat{l -exp(-@p(x)/nsat)} (1) where ne(x) is the D concentration at depth x calculated using the exponential approach model, b is the incident fluence and P(x) is the probability density that the D comes to rest at x. For the truncation picture the retention probability is unity until saturation is reached and zero after saturation, i.e., nt(x) = MIN(DP(x), nsat)
where the t subscript indicates truncation. The total amount of D retained is calculated by evaluating the integral
The predictions of these two models for 1.5 keV D on C are plotted in Fig. 6 . The truncation picture clearly provides the best fit to these data, which indicates that the trapping probability, at least on a macroscopic scale, must be extremely high. Details of both statistical models will be given elsewhere (15) .
Three variables are common to both pictures: 1) p, the probability for trapping one D by one vacant site, 2) s, the number of trapping sites assumed to be in each end-of-range trap cluster (s = 3 in the example diagrammed in Fig. 7) The points are experimental and the four curves correspond to calculations using the exponential approach, truncation approach, and the two statistical models described in the text.
Predictions of these two trapping models for 1.5 keV D on C are plotted along with the results of the exponential and truncation approaches in Fig. 6 
